Fatigue in lead zirconate titanate (PZT) ferroelectric materials is due to a complicated interplay of mechanical and electrical properties via the electromechanical coupling. The diversity of dopant ions and crystal structures render fatigue a still only partly understood effect.
Fatigue in lead zirconate titanate (PZT) ferroelectric materials is due to a complicated interplay of mechanical and electrical properties via the electromechanical coupling. The diversity of dopant ions and crystal structures render fatigue a still only partly understood effect. 1 Commonly, polarization hysteresis loops are the reference measurement, but they only display the loss of switchable polarization and the increase of coercive field E c with fatigue cycling. The suppression of polarization switching as caused by the pinning of ferroelectric domains in a preferred or random orientation is usually considered the dominant fatigue mechanism. 2, 3 To obtain a clearer picture of the latter, we performed d 33 hysteresis loop measurements establishing a correlation of bias electric fields (offset fields), E b , and offsets in piezoelectric coefficient, 4, 5 d offset , as function of the fatigue state. In Landau-Devonshire theory, 6 strain x in a ferroelectric crystal is quadratically related to the total polarization x Ϸ QP 2 in a first approximation. The derivative with respect to the electric field yields the piezoelectric coefficient d 33 ͑E͒:
Q eff is an effective electrostriction coefficient. The dielectric constant 0 ͑E , N͒, the local value of the switchable polarization P͑E , N͒, and the local offset polarization ͑E , N͒ are functions of the number N of fatigue cycles. The field dependent piezoelectric constant, d 33 ͑E͒, displays the change of P, , and . N is an effective cycle number including the entire complexity of the influences of fatiguing rate, fields, and wave form. 1, 7 The measured d 33 ͑E͒ here comprises extrinsic and intrinsic contributions, which will be discussed in detail in a later publication. d 33 ͑E͒ represents the switchable and offset polarization, and yields E b more directly 4,5 than a measurement of total strain. 8, 9 The parameters change locally during fatigue, which is known from atomic force microscopy in PZT thin films. 10 Heterogeneity on a mesoscopic scale will here be displayed by measuring the converse piezoelectric effect.
The material selected is a well-investigated commercial soft PZT (PIC 151, PI Ceramics). Samples were 10 mm in diameter, 1 mm thick. Fired silver electrodes were provided by the manufacturer. Details of the bipolar cycling procedure, instrumentation, and material parameters were given before. 9 The cycling field is 2 kV/mm at a frequency of 50 Hz.
The ac strain was measured in between two metal tips of radius 0.4 mm [ Fig. 1(a) ]. A metal spring provided a constant mechanical force (0.6 N). A fiber optic displacement sensor (PHILTEC, Inc.) measured the displacement on the back face of the spring via the reflectance signal analyzed by a lock-in amplifier (SR 830). A dc external field was applied in steps (12 s in between steps). A small ac electric field (frequency 1 kHz, 3.36 V rms) was superimposed via a transformer in series. A positioning stage afforded measurement on individual locations on the entire sample surface.
The hysteresis of d 33 as a function of applied dc electric field, E, for a virgin sample is displayed in Fig. 1(b There is no variation of the d 33 loops with location on nonfatigued samples. On fatigued samples, a significant variance of sign and value of both offsets is seen. Two examples are shown in Fig. 1 (c) after 4.7ϫ 10 6 fatigue cycles. One loop shifts downward along the d 33 axis and in positive electric field direction (solid lines) while the other loop shifts upward and in negative field direction (dotted lines). At some positions, the loops remain symmetric, i.e., no effective d offset and E b develop during the fatigue process.
The spatial heterogeneity in fatigued samples was quantitatively characterized by tests on a 5 ϫ 5 virtual grid with interval distance of 1 mm over the center part of the fatigued samples without intersecting the electrodes. Separate samples were used for each cycling state (0, 1.8ϫ 10 5 , 7.6 ϫ 10 5 , 1.8ϫ 10 6 , 4.7ϫ 10 6 , 2.2ϫ 10 7 , 6.4ϫ 10 7 cycles). The parameters are defined by Fig. 2(a) . Most reduction occurs in the first 10 6 cycles. The decrease in d r is more pronounced than the reduction in remnant polarization from polarization hysteresis loops. 8, 9 We found that 33 ͑E͒ strongly decreases (data not shown) like in thin films.
5 E c displays the expected increase with cycle number similar to data from polarization hysteresis, 9 Fig .  2(a) .
Depending on measurement location, shifts in d offset and E b occur in both polarities. Therefore, mean absolute values ͉d offset ͉ and ͉E b ͉ of the two quantities from all measuring positions were taken as an indicator of the fatigue evolution, Fig. 2(b) . Both ͉d offset ͉ and ͉E b ͉ gradually increase during fatigue. Figure 3 For a possible microscopic explanation of this coupling we refer to Fig. 3(b) . For an isolated grain, full clamping requires that at the maximum applied field ͑E a =2 kV/mm͒ the local field E loc does not exceed the coercive field ͑E c =1 kV/mm͒, thus the clamping field has to exceed E clamp = 3 kV/ mm to be effective in both directions. 11 In order to locally provide such a field from free charges, an area charge density of roughly D clamping = 0 r E clamp = 4.5 C/cm 2 is necessary ͑ r,nonfatigued = 1700͒. In the nonfatigued material P r =30 C/cm 2 , thus, a dielectric displacement of 15% of the remnant polarization will clamp switching. For simplicity, let us assume that all free charges become located at or near the grain boundary of this grain. In a microstructure the field situation becomes more complex. Within a columnar arrangement in between both electrodes [e.g., grains 7,8,9, Fig. 3(b) ] switching occurs in a cascade through the thickness. 12 Once a neighboring grain in thickness direction has switched (e.g., 8), the mismatch in polarization induces very high fields at the grain boundary (7 to 8 and 8 to 9), well exceeding the clamping field for the free grain (see Arlt and Calderwood 12 for the theory). The amount of charges necessary to fully clamp grains in a microstructure is therefore considerably larger than for an isolated grain. Once a certain grain is clamped, e.g., grain 2 in Fig. 3(b) , the field situation for the still switchable grains 1, 3, and 4, 5, 6 also changes considerably. The clamped polarization and the free charges partially cancel at the grain boundary mitigating the polarization mismatch in between neighboring grains (1 and 2, and 2 and 3), but the remnant polarization P r,clamped will still exceed the area density of free charges D clamping . It induces a field attempting to align the neighboring grain in the same direction as in the frozen grain. The applied field required to perform the reverse switching process locally increases (negative E b ). Each clamped grain (grain 2) modifies the field situation in its immediate environment in field direction (1 and 3) . Averaging over all grains in one column leads to the proportionality between E b and d offset [ Fig. 3(a) ]. Laterally neighboring grains are affected (4, 5, 6 ) to a lesser extent, because there is no direct polarization mismatch in this direction (e.g., between 2 and 5).
In thin films, the freezing of domains has been directly observed. 10 For a film thickness less than the grain size, the cascading of switching is not a relevant mechanism. The clamping field due to free charges within the film is approximately equal to the value for the free grain calculated above. d 33 values within one grain can then take two distinct values, one for polarization up and one for polarization down (projected onto the electrode) and Fig. 3(a) would contain more or less two points. In thicker films of multiple grains in thickness direction, the situation becomes more similar to the bulk case.
Like the offset in polarization in Ref. 13 , both the offset in d 33 and the internal bias field disappear after thermal treatment (Fig. 4) . Likewise, the reshuffling of the domain system and space charges eliminates the spatial heterogeneity. The remaining large coercive field can be attributed to hard agglomerates still clamping domain wall motion. 13 Other types of charged point defects must have recombined or reordered by the thermal annealing treatment. Besides hard agglomerates, microcracking having no polarity can be responsible for the sustained reduction of the piezoelectric coefficient.
Our investigation demonstrated that piezoelectric hysteresis loops better characterize the fatigue state of lead zirconate titanate ceramics than polarization hysteresis loops. We observed a linearly correlated shift of the offset piezoelectric coefficient and the offset electric field. The additional local fields experienced by the switchable polarization scale with the nonswitchable polarization induced by fatigue. Both offsets developed during fatigue cycling disappear under subsequent thermal annealing while some isotropic clamping resists the heat treatment.
